Purpose: Multiple small-animal magnetic resonance (MR) imaging to measure tumor volume may increase the throughput of preclinical cancer research assessing tumor response to novel therapies. We used a clinical scanner and multi-channel coil to evaluate the usefulness of this imaging to assess experimental tumor volume in mice.
Introduction
Cancer is a leading cause of death worldwide, accounting for 7.4 million deaths in 2004, with the number estimated to reach 12 million by 2030. 1 To address this situation, intensive preclinical research continues to develop new chemotherapeutic drugs, investigating the eŠect of candidate drugs on the growth or regression of tumor xenografts grown subcutaneously in immunodeˆcient mice. 2 Tumor volume is frequently used as a fundamental marker to assess the response of mouse tumors to these drugs. Typically, orthogonal diameters of subcutaneous tumors are measured on palpation using a caliper and then inserted in the ellipsoid model formula to estimate tumor volume. Similarly, we can assess tumor volume using magnetic resonance Fig. 1 . Sixteen-channel coil for small animal magnetic resonance (MR) imaging. An array is composed of eight 5-cm circular coils (a). Arrows indicate quadrille patterns placed between neighboring coils. A set of 8 circular coils isˆxed on an acrylic box (25×20 cm) with baluns inserted into the feeding port of each coil (b). The 16-channel coil has 2 sets of 8 circular coils in the upper and lower parts (c). A white bar on the top is used to adjust the distance between the upper and lower coils. The multi-channel coil is connected to 16 low-input impedance preampliˆers.
(MR) imaging to visualize tumor lesions with high spatial and contrast resolution. However, this approach requires prolonged examination time and decreases the throughput of experiments because it requires more acquisitions to compensate for the inherent low sensitivity of MR imaging, particularly with the smallˆeld of view (FOV) for mice.
Multiple small-animal MR imaging may increase the throughput of preclinical imaging experiments by permitting simultaneous acquisition of images for a number of animals in a single session. [3] [4] [5] [6] [7] [8] The use of a clinical scanner is advantageous, because several animals can be placed in the wide bore of a clinical scanner, and the similar scan parameters for animals and humans could allow easy translation of results of animal experiments to the clinic. [9] [10] [11] Using a 1.5-tesla clinical scanner, Xu and associates demonstrated the feasibility of multiple small-animal MR imaging for measuring the size of brain tumors in 13 mice. 8 They placed the heads of the mice side-by-side, alternating their craniocaudal directions, and tightly packed them into an 86-mm volume coil (solenoid type, 3 turns, single receiver channel, and 89 mm in length along the coil axis). They demonstrated high correlation between the largest tumor diameter estimated by MR imaging and histology, but some error may have resulted from limited spatial resolution and signalto-noise ratio (SNR). They also reported simultaneous MR imaging of 7 mice with lung tumors, but the diameter of the volume coil limited the number of mouse bodies they could place.
The large number of receiver channels available in modern MR imaging scanners allows the use of arrays with small surface coils, so for multiple small-animal MR imaging, a multi-channel rather than volume coil may be used to increase SNR and spatial resolution. 7 In addition, multi-channel coils can be used to enlarge sensitive areas as a result the large number of animals can be scanned simultaneously. Therefore, we constructed a 16-channel coil on a 3T clinical MR scanner for rodents and successfully imaged 4 rat bodies simultaneously. 12 To the best of our knowledge, no report describes the utility of multiple small-animal MR imaging using the combination of a clinical scanner and multi-channel coil to assess tumor size. Therefore, we evaluated this method to assess tumor volume by examining its precision in analyzing the volume of experimental mouse tumors.
Materials and Methods

MR scanner and radiofrequency (RF) coil
We acquired all MR images using a 3T clinical scanner (Signa HDx; GE Healthcare, Milwaukee, WI, USA). This scanner was installed in our institution for only research purpose. We used a dedicated 16-channel coil, which was a 4×2 array comprising 8 circular coils tuned to 127.7 MHz. Each coil was made of copper foil of 0.018-mm thickness andˆxed to a Flame Retardant Type 4 (FR-4) plate of 0.2-mm thickness; the trace width was 6 mm and diameter, 50 mm. The circular coils had additional quadrille patterns (Fig. 1a) to adjust the distance between neighboring coils, particularly the coils diagonally opposite, and to eliminate mutual inductance among all contiguous coils. We inserted a balun into the feeding port of each coil to reduce the shield current of the coaxial cables (Fig. 1b) , arranged 2 sets of 8-array coils (length, 25 cm; width 20 cm) opposite each other on an acrylic holder (250×216×166 mm 3 , Fig. 1c ), and connected these array coils to 16 low-input impedance preampliˆers and receivers of the 3T clinical scanner.
Phantom study
Weˆlled 4 spherical phantoms of diŠerent volumes (10.6, 126, 231, and 367 cm 3 ) with 1z agarose and 0.4z gadoteridol (ProHance , Eisai Co., Ltd, Tokyo, Japan) dissolved in normal saline. We obtained axial and coronal images of the phantoms using a spin-echo (SE) sequence with parameters: repetition time (TR), 1000 ms; echo time (TE), 10 13 we measured diameters on 4 lines at 0 (horizontal), 45, 90, and 135 degrees in the spherical phantom (arrows in a) to evaluate 2-dimensional geometric distortion. In the 32-cell phantom, we measured the width, height, and 2 diagonals of each cell (arrows in b). We placed a set of circular coils above and under these phantoms, so the upper and lower part of the phantom appears brighter than the central part. A meniscus is seen at the right-upper corner of the container in which the 32-cell phantom is placed (solid arrow in b). ms; FOV, 4 to 12 cm; matrix, 128 (zero interpolation [ZIP] to 512)-192×128 (ZIP 512)-192; slice thickness, one mm; gap, 0 to one mm; and number of excitations (NEX), one. In addition, we obtained 3-dimensional (3D) fast SE (FSE) images receiving signals with a body coil and 16-channel array coil to make a sensitivity map of the 16-channel coil, using scan parameters: TR, 2000 ms; TE, 17.2 ms; FOV, 8 to 24 cm; matrix, 128×128 (ZIP to 512); slice thickness, 2 mm; and NEX, one. We also imaged an acrylic phantom (89×45×45 mm), which consisted of 32 cells measuring 1×1×4.4 cm 3 separated by plates of one-mm thickness and lled with normal saline, using the SE sequence in the axial dimension with parameters: TR/TE, 15000/12 ms; FOV, 10 cm; matrix, 192×192 (ZIP to 512); one-mm single slice; and NEX, one.
We evaluated 2-dimensional (2D) geometric distortion according to the protocol of the National Electrical Manufacturers Association (NEMA) Standards Publication MS-2-2008 13 using the 367-cm 3 spherical phantom (9-cm outer diameter, Fig.  2a ) and the 32-cell acrylic phantom (Fig. 2b) . In brief, we measured the 4 to 5 diameters at 0 (horizontal), 45, 90 (or 67.5 and 112.5 pair instead, if a diameter at 90 degrees was not available), and 135 degrees on SE images of the 9-cm phantom (arrows in Fig. 2a ). In the 32-cell phantom, we measured the width, height, and 2 diagonals of each cell on one-cm 2 squares (arrows in Fig. 2b ). We calculated percentage diŠerences between the measured length and reference length of the phantom and recorded the maximum value as 2D geometric distortion. We determined the reference lengths by computed tomography (CT) (Discovery ST Elite Performance positron emission tomography [PET]/ CT scanner; GE Healthcare) using parameters: tube voltage, 140 kV; tube current, 300 to 380 mA; exposure time, 0.967 to 4 s; and pixel size, 195 to 234×195 to 234×1250 mm 3 .
We evaluated the accuracy of volume estimation by MR imaging using the 4 diŠerent spherical phantoms (10.6 to 367 cm 3 in volume) by measuring the 3 orthogonal diameters (Diameter 1-3 ) on axial and coronal SE images and calculating the volumes of the phantoms by:
Volume＝4p/3×(Diameter 1 /2×Diameter 2 /2 ×Diameter 3 /2).
[1]
Animal experiments
The Animal Experimental Committee of National Cancer Center Hospital East approved the animal experimental protocol. We inoculated sarcoma 180 (S180) tumor cells (2×10 6 cells) subcutaneously into the backs of 14 male ddY mice (aged 6 to 7 weeks, typically 26 to 27 g at inoculation),ˆve bilaterally and nine unilaterally to yield 19 total tumors. We separately subjected one group of 6 mice and the second group of 8 mice (typically 38 to 49 g at MR examination) to MR imaging examination 6 days after inoculation for the former group and 11 days for the latter group. The mice were anesthetized using a gas mixture of iso‰urane (one to 2z), oxygen, and nitrous oxide and placed prone into 2 plastic containers (235×170×35 mm) with a gas tube a‹xed through which anesthetic gas was continuously supplied. Typically, the induction of anesthesia and positioning of 6 to 8 mice takes 25 to 30 min outside the magnet room. We stacked and placed the plastic containers at the center of the 16-channel coil ( Fig. 3 ) with its 4 surface-coil arrays placed in the B 0 direction. We obtained transverse and coronal lipid-suppressed SE images using parameters: TR/TE, 2000 to 3500/16 ms; FOV, 10 to 16 cm; matrix, 512×256 (ZIP to 512); slice thickness/gap, 1/1 mm; and NEX, 4, without using the parallel imaging technique. Acquisition times were 45 min 2 s for transverse scans and 25 min 44 s for coronal scans. In transverse scans, the phase-encoding direction was ventrodorsal and the frequency-encoding direction, left-right, of the mouse bodies; in coronal scans, the phase-encoding direction was left-right and the frequency-encoding After MR imaging examinations, the tumors were excised, weighed,ˆxed with 10z neutralbuŠered formalin, stained with hematoxylin and eosin, and microscopically examined to conˆrm the presence of S180 tumor cells.
Intensity correction
After MR imaging, we transferred image data in the Digital Imaging and Communication in Medicine (DICOM) format to a Windows-based personal computer for further analyses. We performed intensity correction using software created in-house that was written in C＋ ＋ language based on the method of Brey and associates 14 with a minor modiˆcation: after normalizing signal intensities, we divided the image from the 16-channel coil by that from the body coil on a pixel-by-pixel basis to determine the sensitivity map of the 16-channel coil, and we divided the original image by the sensitivity map to yield the corrected image.
Measurement of tumor SNR and assessment of tumor volume
We used ImageJ software (ver. 1.42 available from http://rsbweb.nih.gov/ij/) to measure signals, diameters, and areas of the S180 tumors. On transverse images without intensity correction, observer-deˆned region-of-interests (ROIs) were placed on the tumor and background noise area avoiding areas suŠered from motion artifacts, and we measured the average pixel values within the ROI of the tumor and standard deviation (SD) of the pixel values in areas of background noise. We calculated tumor SNR by dividing the average pixel value of the tumor by the SD in background noise.
We calculated tumor volume using images with corrected and uncorrected intensity by 2 methods. 1. We measured 3 orthogonal diameters of the tumor on transverse and coronal SE images and calculated tumor volume using Equation [1] above, assuming the tumor as ellipsoid. 2. We measured tumor area on a transverse SE image and multiplied it by the tumor length in the craniocaudal direction, which we determined as the product of the number of slices and slice thickness. We calculated reference tumor volume by dividing tumor weight by tumor density of 1.05 g/cm 3 , because the speciˆc gravity of 1.00 to 1.05 g/cm 3 is commonly used in volumetric analyses of living tissues, including cancer. 15, 16 
Statistical tests
We assessed correlation between volume estimated by MR imaging and reference volume in phantoms and mouse tumors using Pearson's test and commercially available software (SPSS ver. 13.0; SPSS Japan Inc., Tokyo). Pº0.01 was judged statistically signiˆcant. We performed linear regression between these reference volumes and volumes estimated by MR imaging and calculated the coe‹cient of determination (R 2 ).
Results
Maximum geometric distortions were 2.17z in the spherical phantom of 9-cm diameter and 0.52 to 3.66z in individual cells of the 32-cell phantom (average, 2.11z; SD, 0.68, in all 32 cells) all within the acceptable range, below 5z. [17] [18] [19] Approximately 2z distortion in 2D geometry could induce 6z (in other words, (1-0.98 3 )×100 or (1.02 3 -1)× 100) error in 3D volumetric analysis. In the 4 phantoms of diŠerent volumes, volume estimated by MR imaging was highly correlated with actual volume. The correlation coe‹cients between them were 1.000 (95z conˆdent interval [CI] of 0.980 to 1.000, Pº0.01, Pearson's test) with intensity correction and 1.000 (95z CI of 0.995 to 1.000, Pº0.01, Pearson's test) without correction. The regression lines and R 2 values were y＝0.96x-1. 15 and R 2 ＝1.00 with intensity correction and y＝ 0.95x-0.43 and R 2 ＝1.00 without correction, where x is actual volume and y is the volume estimated by MR imaging. The inclination of 0.95 to 0.96 in the regression lines demonstrated MR imaging underestimation of phantom volume by approximately 4 to 5z, which was less than expected by 2D geometric distortion analysis. In addition, their high R 2 values indicated high precision of MR imaging in volumetric analysis using our 16-channel coil.
In the animal experiment, we could simultaneously scan up to 8 bodies of tumor-bearing mice (Fig. 4) . Two mice that received bilateral inoculation demonstrated no tumor by either palpation or MR imaging. After excluding 4 nodules smaller than 0.1 g, insu‹cient size for accurate measurement, weˆnally evaluated 11 tumors in 12 mice. SNR of the tumors was 31.9±10.7 [arbitrary unit (AU), average±SD]. The average tumor volumes estimated by MR imaging without intensity correction and the SDs were 0.87±0.68 cm 3 in Method 1 and 1.04±0.73 cm 3 , in Method 2 (n＝11); with intensity correction, the values were 0.93±0.68 cm 3 in Method 1 and 1.12±0.71 cm 3 in Method 2 (n＝ 10, we excluded a case in which animal motion during image acquisitions may have produced a severe artifact in the sensitivity map). The reference volume was 1.04±0.80 cm 3 (average±SD), and all tumors consisted of viable S180 tumor cells on specimens. The estimated volume by MR imaging and the actual volume were highly correlated (Table) . We obtained the highest R value (0.995) and R 2 value (0.99) using images without intensity correction and Method 2 (Fig. 5) .
Discussion
This study demonstrated successful simultaneous MR imaging of up to 8 tumor-bearing mice and accurate volumetric analysis of the tumors using a 3T clinical scanner and 16-channel coil. The precision of volumetric analysis for exact assessment of tumor response to therapy requires a correlation coe‹cient of at least 0.9 between the estimated and actual tumor volumes. 8, 15, 20 We achieved slightly higher precision of volumetric analysis (R 2 ＝0.99) than previous studies using multiple small-animal MR imaging and single-animal micro computed tomography (CT). Xu's group demonstrated high correlation between tumor diameters estimated by MR imaging and those of histological specimens in mouse brain (y＝1.0006x-0.0461, where x is the largest diameter in specimens and y is the largest diameter on MR imaging, R 2 ＝0.9221). 8 Jensen and colleagues demonstrated the high accuracy of microCT in volumetric analysis using a subcutaneous MCF-7 breast cancer model in nude mice (y＝ 1.01x-6.1, where x is the reference tumor volume and y, CT tumor volume, R 2 ＝0.97). 15 In this study, the high spatial resolution and SNR of our multiple small-animal MR imaging with multichannel coil (0.195×0.195×1 mm 3 in resolution and 31.9±10.7 AU in SNR) permitted clear localization of mouse tumors to improve the precision of volumetric analysis despite the unavoidable inhomogeneity of signal in the direction orthogonal to the surface coils. High contrast resolution with short-TE SE sequence also contributed to clear localization of mouse tumors to allow precise discrimination of areas of tumor with moderate signal from peritumoral edema with very high signal and surrounding muscle with low signal (Fig. 4) . Because the S180 tumors were irregularly shaped and not ellipsoid, we could also estimate tumor volume more accurately using Method 2, in which we calculated the sum of the product of the transverse area and craniocaudal dimension of the tumor, than Method 1, which was based on the ellipsoid formula.
An alternative approach for high SNR and high resolution multiple small-animal MR imaging is to use a separate shielded volume coil array with individual coils of smaller diameter, for example, 3 cm for mice. However, this method requires the separation of RF transmitted lines and the pulse sequence controlling multiple-split FOVs and complex postprocessing to eliminate ghosts caused by coupling between individual coils. 4 In terms of RF transmission, pulse sequences, and postprocessing, our multiple small-animal MR imaging was simpler.
This study also demonstrated that multiple smallanimal MR imaging may facilitate high-throughput preclinical MR examinations. With our multiple small-animal MR imaging, acquisition of trans- ; slice thickness, one mm) of 8 mice with or without intensity correction. Although signal inhomogeneity depending on the distance between the mouse bodies and coil is not corrected, tumors are clearly visualized as lesions with moderate signal intensity in contrast to the very high intensity in peritumoral edema and low intensity in muscles on transverse images (arrows in a-d). This signal inhomogeneity is improved after intensity correction (e-h). verse multi-slice SE images of 8 tumor-bearing mice took 45 min with 3500-ms TR, 10-cm FOV, and 256 phase-encoding steps. We performed an additional 14.5-min scan to acquire image data for a sensitivity map of the multi-channel coil. Using single-animal MR imaging, acquisition time for imaging a single mouse would take 22.5 min with the same TR but 5-cm FOV and 128 phase-encoding steps, and imaging of 8 tumor-bearing mice would take 180 min. Thus, use of our multiple smallanimal MR imaging might have increased the e‹ciency of MR imaging examination approximately 3-fold (180/59.5) that of single small-animal MR imaging. Although we did not achieve the expected 4-fold increase in e‹ciency because of the additional 14.5-min scan, the increased throughput for preclinical research was apparent.
Practical application of this multiple-animal MR imaging technique is noninvasive and high throughput monitoring of tumor responses to therapy in preclinical studies using changes in tumor volume as an indicator of tumor responses. It is presumed useful for volumetric analysis of nonpalpable tumors in deep visceral organs, where palpation and caliper measurement cannot be performed. As well, simultaneous assessment of multiple mice under identical experimental conditions could reduce errors caused by variability between measurements and lead to accurate judgments of new drug e‹ca-cy.
Our study has some limitations. First, by increasing the number of acquisitions (NEX) to reduce artifacts from respiratory motion, we increased total scan time. Using this averaging technique could also produce errors in analysis of tumor volume from blurring that could prevent precise delineation of tumor areas. Nevertheless, in this study, these errors unlikely had signiˆcant eŠect on the precision of volumetric analysis because we demonstrated all tumors without blurring. Gating is an alternative method to reduce artifacts. Ramirez and colleagues reported simultaneous MR imaging of 2 mice and eŠectively suppressed motion artifacts using retrospective gating, 7 but the eŠect of gating on the suppression of artifacts has not been determined for a larger number of mice. Further study is needed to clarify which techniques eŠectively suppress motion artifacts and reduce total scan time in multiple small-animal MR imaging. A second limitation was the technique we employed for correcting intensity. We applied a simple technique to correct the inhomogeneity using the sensitivity map of the multi-channel coil obtained from two 3D FSE datasets; however, the 3D FSE sequence was less e‹cient in terms of imaging time compared with a 2D gradient-echo sequence used to obtain sensitivity maps in the human brain. 21 In addition, our technique was vulnerable to the involuntary movement of mice during the 2 image acquisitions. Although we demonstrated higher accuracy of volumetric analysis without correcting signal inhomogeneity, use of a more sophisticated technique for correcting signal inhomogeneity may be preferable.
Conclusions
Using multiple small-animal MR imaging employing a clinical scanner and multi-channel coil, we accurately assessed tumor volume in mice. Application of this technique may facilitate noninvasive and high throughput monitoring of tumor responses to therapy in preclinical studies using changes in tumor volume as an indicator of tumor responses.
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